Abstract. The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) onboard the ENVISAT satellite provides profiles of temperature and various trace-gases from limb-viewing mid-infrared emission measurements. The stratospheric nitric acid (HNO 3 ) from September 2002 to March 2004 was retrieved from the MIPAS observations using the science-oriented data processor developed at the Institut für Meteorologie und Klimaforschung (IMK), which is complemented by the component of non-local thermodynamic equilibrium (non-LTE) treatment from the Instituto de Astrofísica de Andalucía (IAA). The IMK-IAA research product, different from the ESA operational product, is validated in this paper by comparison with a number of reference data sets. Individual HNO 3 profiles of the IMK-IAA MI-PAS show good agreement with those of the balloon-borne version of MIPAS (MIPAS-B) and the infrared spectrometer MkIV, with small differences of less than 0.5 ppbv throughout the entire altitude range up to about 38 km, and below 0.2 ppbv above 30 km. However, the degree of consistency is largely affected by their temporal and spatial coincidence, and differences of 1 to 2 ppbv may be observed between 22 and 26 km at high latitudes near the vortex boundary, due to large horizontal inhomogeneity of HNO 3 . Statistical comparisons of MIPAS IMK-IAA HNO 3 VMRs with respect
Introduction
Nitric acid (HNO 3 ) is formed in the atmosphere either by gas phase reaction (Austin et al., 1986 ) and ion cluster reactions (Böhringer et al., 1983) or, less probable in the higher stratosphere, by heterogeneous reactions on sulphate aerosols (de Zafra et al., 2001) . It is a key component in the photochemistry of stratospheric ozone destruction through its role in the formation of Type I Polar stratospheric Clouds (PSCs) and as a main reservoir for the reactive nitrogen oxides (World Meteorological Organization, 2003) . The HNO 3 climatology was observed by the Atmospheric Trace Molecule Spectroscopy (ATMOS) EXPERIMENT in a series of space shuttle missions during 1985 to 1994 Abrams et al., 1996) . The global distributions of HNO 3 concentration have been measured from satel-722 D. Y. Wang et al.: MIPAS stratospheric nitric acid lite observations, such as the Limb Infrared Monitor of the Stratosphere (LIMS) instrument, mounted on the Nimbus-7 satellite (Gille and Russell, 1984) , the Cryogenic Limb array etalon spectrometer (CLAES) (Kumer et al., 1996) and the Microwave Limb Sounder (MLS) onboard the Upper Atmosphere Research Satellite (UARS) (Santee et al., 1999 and Santee et al., 2004 ) and on Aura (Santee et al., 2005) , the Improved Limb Atmospheric Spectrometer (ILAS) onboard the Advanced Earth Observing Satellite (ADEOS) (Koike et al., 2000 and Irie et al., 2002) and ILAS-II on ADEOS-II , and the Sub-Millimetre Radiometer (SMR) on Odin (Murtagh et al., 2002 and Urban et al., 2005) ; as well as the high-resolution Fourier transform spectrometer (FTS) on SCISAT-1, also known as Atmospheric Chemistry Experiment (ACE) .
Recent measurements of HNO 3 volume mixing ratios (VMRs) in the troposphere and stratosphere are also provided by the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) (Fischer et al., 1996 and European Space Agency, 2000) onboard the ENVISAT satellite. The instrument is a high resolution Fourier transform spectrometer and measures vertical profiles of temperature and various gas species by limb-observing mid-infrared emissions. Complementary to the ESA operational data products Carli et al., 2004) , there are six different off-line data processors at five institutions for science-oriented data analysis of the high resolution limb viewing infrared spectra (von Clarmann et al., 2003a) .
The MIPAS data processor developed at Institut für Meteorologie und Klimaforschung (IMK) and complemented by the component of non-local thermodynamic equilibrium (non-LTE) treatment from the Instituto de Astrofísica de Andalucía (IAA) provides simultaneous retrieval of temperature and line-of-sight parameters from measured spectra and the spacecraft ephemerides, prior to constituent retrievals (von Clarmann et al., 2003b) . This scheme is different from that of the ESA operational data processor, in which the pointing data are based on the satellite's orbit and attitude control system which uses star tracker information as a reference (called engineering data henceforth). The temperature and observation geometry derived from IMK-IAA processor are validated against a number of satellite observations and assimilation analyses and show good consistency with the other data sets . These derived quantities are used to retrieve profiles of HNO 3 and other species. This ensures accuracy and self-consistence of the IMK-IAA data product, and is essential for retrievals of gas species, since mid-infrared emission spectra are strongly sensitive to temperature, and as limb observations are strongly affected by the observation geometry.
Details about the retrieval strategies and error budget for the IMK-IAA HNO 3 data have been reported by Mengistu and . As a preliminary step towards the HNO 3 data validation, they compared the IMK-IAA profiles with other observational data, including climatological data sets from the MLS instrument on UARS and field campaign data obtained from balloon-borne Fourier transform infrared (FTIR) spectrometers. The IMK-IAA MI-PAS HNO 3 values are in general agreement with the reference data sets. In contrast to these older data versions of the IMK-IAA MIPAS HNO 3 product which were strongly regularized and suffer from some lack of information at the highest and lowest altitudes, the retrieval set-up for the data version presented here (V3O HNO3 7/8) was adjusted to the improvements gained with re-processing of level-1b data (IPF version 4.61/62). In particular, reduced radiance gain oscillations allowed relaxation of the regularization applied which increased the number of degrees of freedom of the profiles and allowed the retrieval of information on HNO 3 in the upper stratosphere and upper troposphere, too.
This study focuses on the validation of the IMK-IAA HNO 3 data and, in particular, on the comparisons with other coincident satellite observations for cross check. The profiles of the retrieved MIPAS nitric acid are compared with 1) Field campaign data obtained from the balloon-borne version of MIPAS (MIPAS-B, hereafter) and infrared spectrometer MkIV; 2) Other satellite observations, such as from the SMR instrument on Odin, from ILAS-II on ADEOS-II, as well as from FTS on ACE; and 3) The MIPAS ESA operational products. The characteristics of the IMK-IAA MIPAS data and other reference data sets are outlined in Sects. 2.1 and 3, while our comparison method is described in Sect. 4. The comparison results are presented in Sects. 5 and 6. Our conclusions are contained in Sect. 7.
The MIPAS data
The MIPAS IMK-IAA data set and the ESA operational products used for this study are described as follows.
The IMK-IAA MIPAS data
Data to be validated here are the vertical profiles of abundances of HNO 3 measured during the period from September 2002 to March 2004. The data sets are retrieved with the scientific IMK-IAA data processor from the MIPAS spectra, with temporal sampling of one full day per ten days for routine monitoring, or at the specific time and geo-locations of the reference data for validation, or during continuous periods of several days for the examination of special events (for example, the split of the Antarctic vortex in 2002).
The MIPAS observations provide global coverage with 14.4 orbits per day. The standard observation mode covers nominal tangent altitudes in a scanning sequence from the top 68 km down to 60, 52, and 47 km, and between 42 and 6 km at a step width of ∼3 km. The altitude resolution, defined as the full width at half maximum of a column of the averaging kernel matrix, is around 3 km at 35 km level, decreasing to 6 and 8 km at lower (25 km) and higher Fig. 1 . Differences of the HNO 3 volume mixing ratios (in ppbv) retrieved by the IMK-IAA data processor from the ESA operational L1B data version IPF/V4.61 with respect to the retrievals from IPF/V4.55 (left) and IPF/V4.59 (right) . N is the total number of profiles used for the comparison.
(45 km) altitudes, respectively. The horizontal sampling interval is ∼500 km along-track and ∼2800 km across-track at the equator. Spectra severely contaminated by clouds are rejected from the analysis (see Spang et al., 2004 , for details of the cloud-clearing technique. However, cloud indices were taken as 4.0.). The number of available measurements for each day varies from several tens to hundreds, and the altitude coverage also slightly changes from profile to profile.
The IMK-IAA nitric acid profiles are derived from infrared emissions based on the operational ESA level-1B data (i.e. calibrated and geo-located radiance spectra). Version IPF V4.61/4.62 of ESA-generated calibrated radiance spectra was used for the IMK-IAA retrievals presented here (version V3O HNO3 7/8). Figure 1 presents comparisons of the HNO 3 volume mixing ratios retrieved from the ESA L1B data version V4.61 with respect to the retrievals from V4.55 and V4.59, representing older IMK-IAA data versions (V1 HNO3 1 to V2 HNO3 6). The differences are generally less than 0.1 to 0.2 ppbv, though larger differences of about 0.5 ppbv are seen at 20 and 26 km.
The IMK-IAA MIPAS HNO 3 was retrieved sequentially after temperature and line-of sight, water vapour, and ozone using optimized spectral regions with respect to the total retrieval error (von Clarmann and Echle, 1998) in its ν 5 and 2ν 9 bands. The retrieval is performed between 6 and 70 km on a fixed 1-km grid below 44 km and 2-km above. Not all selected spectral regions are used for all observation geometries in order to optimize computation time and minimize systematic errors. Therefore, height dependent combinations of microwindows (so-called occupation matrices) are selected with a trade-off between computation time and total retrieval error (see Mengistu Table 1 ). The MIPAS spectroscopic database version PF3.1 (Flaud et al., 2003 ) is used for our retrieval. The HITRAN2004 line data for the 11.3 µm region are the ones from the MIPAS spectroscopy data set (Flaud et al., 2003) .
The HNO 3 integrated band intensity in the range of 820 to 950 cm −1 is 2.266×10 −17 cm −1 /(molecule cm −2 ) from the MIPAS database, and 2.267×10 −17 cm −1 /(molecule cm −2 ) in the HITRAN2004 (Rothman et al., 2005) , but scaled by a factor of 0.884 with respect to 2.564×10 −17 cm −1 /(molecule cm −2 ) given by the HI-TRAN2000 database (Rothman et al., 2003) . This led to an average 13% increase in HNO 3 VMR presented in this paper in comparison with those retrieved with the HITRAN2000 spectroscopic database. . The retrieval error due to measurement noise and uncertain parameters in the radiative transfer forward model have been estimated by linear error analysis. The total systematic error of the constituent species includes the uncertainties from all interfering gases which are not jointly retrieved with the constituent gas and uncertainties from temperature, line of sight, instrumental line shape, spectral shift, calibration uncertainty, forward modelling and spectroscopic errors. The precision in terms of the quadratic sum of all random error components between 25 and 45 km is between 2 and 6%, while the estimated accuracy, derived by quadratically adding the systematic error due to spectroscopic uncertainty to the random error budget, is between 5 and 15%. Below 32 km, measurement noise is the dominating error source, while above, residual elevation pointing uncertainty is the leading error component.
The ESA operational MIPAS data
For cross check, the IMK-IAA MIPAS HNO 3 profiles are compared with the operational data retrieved by ESA using the operational retrieval algorithm as described by Ridolfi et al. (2000), Carli et al. (2004) , and Raspollini et al. (2006) . The operational HNO 3 profiles are retrieved based on the most recent re-processed L1B data version 4.61, with a vertical resolution of ∼3 km and with the altitudes registered by the engineering measurements. The ESA version 4.61 HNO 3 data have successfully been validated against balloonborne, aircraft and ground-based measurements , though the reported validation cases have been confined to the re-analyzed operational MIPAS data almost only for the year 2002 and so far to mid-latitudes only. Generally, the MIPAS HNO 3 operational profiles as processed with v4.61 are in good agreement with airborne observations in all cases with a good coincidence in time and space between the MIPAS observations and the correlative measurements, with negative deviations from correlative field campaign data of less than 0.5 ppbv between 30 and 4 hPa, and positive deviations of less than 1 ppbv at lower altitudes. The ESA MIPAS HNO 3 profiles are also validated by comparison with the measurements from the far Infrared Balloon Experiment (IBEX) (Mencaraglia et al., 2006) , and an agreement of ±5% is obtained in the altitudes between 15 and 70 hPa.
The reference data sets
The correlative data sets used for comparison with the IMK-IAA MIPAS nitric acid profiles are described as follows.
Balloon-borne MIPAS-B and MkIV measurements
Balloon-borne observations are a very useful tool to obtain distributions of HNO 3 with sufficiently high vertical resolution over most of the stratospheric altitude region. Three Three other balloon campaigns were made with the Jet Propulsion Laboratory (JPL) MkIV instrument (Toon, 1991) . It is a Fourier transform spectrometer and measures high signal-to-noise ratio solar occultation spectra throughout the mid-infrared region (650 to 5650 cm −1 ) at high spectral resolution (0.01 cm −1 ) at sunrise or sunset. performed typically twice per week.Vertical profiles are retrieved from the spectral measurements of a limb scan by two similar data processors in Sweden and in France. The data used in this comparison study are taken from the level 2 operational data retrieved at the Chalmers University of Technology (Gothenburg, Sweden). The most recent version is the version 2.0, and HNO 3 is retrieved from the 544.6 GHz band. The spectroscopic line intensities are taken from the JPL spectral line compilation. These intensities are corrected to correspond to a total partition function (not only the rotational partition function provided by the JPL database).
Comparisons are under way in order to check differences between the JPL and HITRAN (TIPS) partition functions. The profiles in the altitude range from 18 to 45 km are retrieved with a vertical resolution of 1.5 to 2 km and a 1-σ precision of better than 1.5 ppbv. Detailed information on the data characteristics and analysis of systematic retrieval errors, resulting from spectroscopic and instrumental uncertainties can be found in (Urban et al., 2005) and (Urban et al., 2006 are simultaneously retrieved by the so-called onion-peeling method, primarily using the strong absorption lines around 7.6 and 11.3 µm for the HNO 3 retrieval, with vertical resolutions of 1.3 to 2.9 km at tangent heights of 15 and 55 km (see Yokota et al., 2002 , for details of the retrieval algorithm cloud-clearing technique.). For the version 1.4 ILAS-II algorithm, spectroscopic data were adopted from the year 2000 edition of the HITRAN database, including updates through the end of 2001 (Rothman et al., 2003) . The influence of the different version of HITRAN database (2000 versus 2004) on ILAS-II HNO 3 retrievals is very small, according to a sensitivity test made for a couple of specific cases. The ILAS-II stratospheric HNO 3 profiles (version 1.4) were validated with balloon-borne instruments and climatological comparisons, showing that the precision is better than 13-14%, 5%, and 1% at 15, 20, and 25 km, respectively, and that the accuracy in the altitude region is estimated to be better than −13% to +26% Yamamori et al., 2006) . (0.02 cm −1 ) Fourier transform spectrometer operating from 2 to 13 µm (750 to 4500 cm −1 ). The ACE-FTS records atmospheric absorption spectra during sunrise and sunset (solar occultation mode) and has a nominal vertical resolution of about 4 km. The ACE satellite was launched on 12 August 2003 and the first useful atmospheric spectra were recorded in early February 2004. The ACE-FTS retrieval algorithm is based on a global fit procedure that first derives temperature and pressure profiles using CO 2 absorption (Boone et al., 2005) . The nitric acid is based primarily on microwindows near 1710 cm −1 containing ν 2 absorption. In the tro- posphere additional microwindows near 879 cm −1 (ν 5 ) are used because of strong water absorption near the ν 2 band. The HNO 3 line parameters used are those of HITRAN2004 (Rothman et al., 2005) . Version 2.2 FTS retrievals taken during 9 February to 25 March 2004 are used for the comparisons in this paper. The retrievals are carried out in the 10 to 37 km range with a typical precision of 2 to 3%.
Comparison methods
For comparisons between individual profiles, the MIPAS and other data sets are searched for coincident measurements. Due to characteristics of the data sampling scenarios, different coincidence criteria have to be applied. The spatial and temporal mismatch can cause HNO 3 differences associated with geophysical variations of the atmospheric field. Detailed discussions will be presented in Sect. 5. When two correlative profiles with different vertical resolutions are compared, some small structures of the atmospheric field could be resolved by the higher resolution measurement, but not by the lower one. To account for this effect, the altitude resolution should be adjusted using the averaging kernels. The method used is that described by Rodgers and Connor (2003) , and its simplified application to our study is outlined below.
If noise is not considered, the retrieved profile x retrieved is a weighted average of the "true" profile x true and the a priori profile x a mipas in the form of
in which A mipas is the averaging kernel matrix and I denotes the unit matrix. In our comparison, the correlative profiles are interpolated to a common altitude grid, that used by the MIPAS data. The vertical resolution of the correlative profiles x is adjusted by applying the averaging kernel of the MIPAS A mipas . Also, the correlative profiles, which are assumed to be free of a priori information, are transformed to the a priori x a mipas that is used by the MIPAS data. Both the a priori transformation and smoothing are done bỹ
Comparing Eq. (2) with Eq. (1), it is clear thatx is the result derived with the MIPAS inverse model, if x happens to be the true profile. The difference between the MIPAS measurements x mipas and the transformed other data setsx is
where the negative of the last term represents the differences originated from different vertical resolution and a priori. These contribute to the (x mipas −x) difference, but not to δ. Thus, the residual δ is taken as proxy for the discrepancy between the two measurements. This innovative use of the formality of retrieval theory leads to a better comparison between values retrieved from the measurements of MIPAS and other instruments, since the other datasets are smoothed by the weighting functions of the MIPAS remote sensor and the same dependence on the MIPAS a priori are also ensured. For the ith pair of correlative profiles, the individual elements of the difference profile vector δ i at each height level z will be denoted as δ i (z) hereafter. We note that δ i (z) provides a comparison between x mipas and x only in cases where information from the MIPAS measurement is contained in the retrieval, i.e. the diagonal values of A mipas are reasonably large, which is the case in the altitudes covered by MIPAS observations. If the diagonal values of A mipas are small (e.g. at the lowest or highest altitudes of MIPAS observations), i.e. no altitude-resolved measurement information is contained in the MIPAS retrieval, MIPAS results are controlled by the regularization rather than by the measurement. In this case, small δ values do not imply a meaningful agreement between x mipas and x. The residuals δ i (z) are assembled in several ways (details are described in Sect. 5) for statistical analysis. For each ensemble, mean difference profiles (z) and their standard deviations σ (z) are calculated; σ (z) allows the precision of MIPAS profiles to be assessed. The statistical uncertainty in the mean difference (z) is quantified by σ (z)/N 1/2 , which represents the uncertainty of (z) due to random-type errors. In the case of (z) larger than the σ (z)/N 1/2 , their difference is an indicator of systematic errors between the comparison data sets. We also compute the mean difference, standard deviation, and σ/N 1/2 uncertainty averaged over altitude. These height-averaged quantities are directly evaluated according to the statistical definitions by assembling data points available at all height levels.
Comparison results
Detailed profile-by-profile comparisons are performed for the available correlative measurements between MIPAS IMK-IAA HNO 3 VMR and other data sets (see Table 1 ). For comparisons of MIPAS with Odin/SMR, ILAS-II, and ACE-FTS the horizontal distances between the collocated profiles are required to be smaller than 5 • latitude and 10 • longitude, and the time differences are less than 6 h. The mean spatial separations and temporal differences, as well as their standard deviations are averaged over all available correlative measurements and listed in Table 2 . The spatial mismatches between the correlative measurements are minimized in the polar regions, but maximized near the equator (not shown here). This is not surprising since the longitude criterion is meaningless at the poles, and thus the spatial coincidence criteria include only the ±5 • difference in latitude. The spatial and temporal mismatch can cause HNO 3 differences associated with geophysical variations of the atmospheric field. However, imperfect spatial matches have virtually no effect on the observed mean differences since their effect largely averages out, but significantly contributes to the observed standard deviations.
For a reference data set having enough correlative profiles, mean differences at individual height levels are also calculated over the overlapped observation period. For intersatellite comparison, zonal mean differences are calculated with latitude intervals of 30 • and for the MIPAS descending The results from both nodes are generally similar and thus only daytime results are presented. The global means are averaged over all latitudes and both orbit nodes. The agreement between IMK-IAA MIPAS and MIPAS-B HNO 3 profiles derived from the September radiance measurements at 40 • N and 46 • N is very good (Fig. 2) . During the northern sequence at 46 • N the collocation was better than 20 min in time and better than 100 km in horizon- about 38 km, and below 0.2 ppbv above 30 km. During the southern sequence at 40 • N, the spatial mismatch between the MIPAS-B and MIPAS/ENVISAT measurements became slightly larger, and the difference of the measured HNO 3 VMR slightly increased, with a maximum of ∼1.5 ppbv around the HNO 3 peak at 26 km. This difference is attributed to less perfect coincidence. Nevertheless, above 30 km no substantial difference between MIPAS and MIPAS-B HNO 3 profiles was found.
Comparison with MIPAS-B measurements
The HNO 3 profiles derived from the March flight at 66 • N have shown larger differences of 1 to 2 ppbv between 17 and 22 km (Fig. 3) . The discrepancies in the March measurements are attributed to horizontal inhomogeneities within a wide range of longitudes (larger than 10 • ) covered by MIPAS-B. Moreover, the March measurements were made near the vortex boundary (see violet contours in Fig. 3) where the variation of NO y species is highly pronounced due to differences in chemical processes on either side of the vortex edge. As shown by Mengistu Tsidu et al. (2005) the disagreements, which are more pronounced for HNO 3 than N 2 O 5 , is mainly caused by the horizontal inhomogeneity since HNO 3 exhibits a stronger latitudinal gradient than N 2 O 5 , particularly near the vortex edge. Fig. 10 . Global mean differences between the IMK-IAA retrieved MIPAS and Odin/SMR HNO 3 volume mixing ratios (in ppbv). The MIPAS minus Odin/SMR residuals (left) are calculated from the available coincident measurements. The Odin/SMR data are convoluted with the MIPAS averaging kernel. On the right panel, the altitudes of the Odin/SMR data are shifted up by 1.5 km to achieve better agreement. The total number of profiles are specified in the titles. Also denoted are the global mean difference , standard deviations σ , and the uncertainty σ / √ N averaged over all heights, where N is total number of available data points.
In contrast, the HNO 3 profiles from the IMK-IAA MI-PAS and MIPAS-B measurements near 70 • N in July 2003 show better agreement, even the MIPAS-B July flight covered nearly the same wide longitude range, in comparison with the March observations (Fig. 4) . The deviations are less than 1 ppbv throughout the entire altitude range between 10 and 40 km, and below 0.5 ppbv at the lower and higher altitudes. This reflects much smaller horizontal variations of the HNO 3 distributions during polar summer.
Comparison with MkIV measurements
Figures 5 and 6 compare two sunrise MkIV measurements taken at high northern latitudes over Esrange during 2002 winter and 2003 spring with respect to their 3 and 4 coincident MIPAS/ENVISAT IMK-IAA profiles, respectively. The local time differences are small for these correlative profiles. Thus, their solar zenith angle differences are not adjusted.
The comparison of the December measurements (Fig. 5 ) shows substantial differences since the MkIV measurements were taken near the vortex edge and HNO 3 is sensitive to both latitudinal and longitudinal differences in this region. The two MIPAS measurements centered near 65 • N, more closely matching the latitude of the MkIV measurement, exhibit better agreement than the profile which is completely within the vortex (centered near 70 • N).
In contrast, MIPAS and MkIV April HNO 3 measurements (Fig. 6 ) are in reasonable agreement due to homogeneous airmasses, though there was the same level of spatial mismatch. The highest deviations in HNO 3 VMR were found below 17 km, with Mark-IV being 1.5 ppbv lower than IMK-IAA retrieved MIPAS HNO 3 VMR. In the primary HNO 3 VMR maximum around 23 km and above, deviations were around 0.5 ppbv.
The sunrise MkIV measurement at 35 • N in September 2003 (Fig. 7) also show generally good agreement with its 6 coincident MIPAS/ENVISAT HNO 3 profiles. The differences are less than 1 ppbv throughout the entire altitude range between 10 and 40 km, and below 0.3 ppbv at the lower and higher ends. This is due to more homogeneous airmasses at the autumn mid-latitude, though there was spatial mismatch of about 10 • longitude between the coincident profiles. The forward trajectories started at the positions of the MkIV profile indicate that the turquoise MIPAS/ENVISAT profile measured on 18:29 UTC should agree best with the MkIV profile, as it represents the same air masses, which is the case indeed. Figures 8 and 9 show the comparisons between the IMK-IAA retrieved MIPAS and Odin/SMR HNO 3 VMR profiles, which are zonally averaged for 6 latitude bands during a period of 6 days in September 2002 and February 2003. The comparisons are conducted in altitude coordinates. In the height regions below 20 km and above 40 km, the Odin/SMR HNO 3 data usually have a measurement response (a ratio derived from the Odin/AMR averaging kernel matrix and providing a measure on how much information comes from the spectral measurement and the a priori profile for each individual retrieval altitude level) lower than 0.75, implying dominance of the a priori climatology. In other height regions where the measurement response is larger than 0.75, the comparison results are consistent with preliminary results obtained from the Odin/SMR validation study based on comparisons of Odin/SMR with a couple of balloons and with satellite data (ILAS-II, MIPAS ESA operational data) (Urban et al., 2006) . Odin/SMR version-1.2 HNO 3 has a pos- itive bias up to ∼2 ppbv (not shown here). Other data versions, such as version 2.0 used in this analysis, agree better with the correlative data. The large differences of −2 and +1 ppbv are only seen around 20 km and 35 km at high latitudes of 60 • . The characteristic shape of the difference profile likely indicates an altitude shift between MIPAS and SMR data. The best value of the mean altitude increase for Odin/SMR, which minimizes the HNO 3 VMRs differences is estimated to be approximately 1.5 km. A similar feature is also observed when the comparison is conducted in pressure coordinates (not shown). The global mean differences are shown in Fig. 10 , where the right panel shows the mean differences reduced by 0.5 to 1 ppbv after increasing the altitude of the ODIN/SMR profiles by 1.5 km. However, the altitude-adjusted Odin/SMR data still have the same characteristic shape of the difference profile in comparison with MIPAS. Comparison of Odin/SMR v2.0 HNO 3 to Aura/MLS HNO 3 found a shift of the order of 2 km. The HNO 3 peak value is larger in the SMR data than in the MIPAS data, what indicates that the altitude shift is not the only reason for the disagreement, and other error sources (spectroscopy, calibration) may also contribute. Figure 11 shows comparisons between the IMK-IAA retrieved MIPAS and ILAS-II measured HNO 3 VMR profiles, which are zonally averaged over three latitude bands for the 11 days between 2 May to 21 October 2003. Figure 12 shows the global mean difference profiles averaged over the three latitude bands. The ILAS-II data were convoluted by the MIPAS averaging kernel. Therefore, the ILAS-II mixing ratios are somewhat degraded from the original vertical resolutions. Also, the ILAS-II data were filtered by requiring the retrieved VMR values greater than the total error values. This rejected some data points above about 35 km, in particular, in the southern high latitude region. Vertical trends in the difference between MIPAS and ILAS-II are different for the two hemispheres as seen from Fig. 11 . The consistency between the MIPAS and ILAS-II data is very impressive, with the 11-day mean differences being less than ±0.7 ppbv and the standard deviations less than ±1 ppbv, in spite of the somewhat large spatial coincidence criteria (5 • in latitude) used. On a first instance, the good consistency between ILAS-II and MIPAS is surprising, since different spectroscopic data (HITRAN2000 for ILAS-II and HITRAN2004 for MIPAS) are used in the retrievals. A positive high bias in the order of 13% should be expected for the MIPAS retrievals, since the HNO 3 11.3 µm band intensity in HITRAN2004 is about 13% smaller than in HITRAN2000. In fact, Wetzel et al. (2006) showed that ILAS-II is about 14% higher than MIPAS-B retrievals if the latter are performed using HITRAN2000, the same utilized in ILAS-II. (For clarity, we recall that HI-TRAN2004 was used for the MIPAS-B retrievals shown in Figs. 2 to 4) . A possible explanation is that ILAS-II HNO 3 retrieval uses not only the 11.3 µm band, but also that in the 7.6 µm region. If the ILAS-II retrieval put more weight on the 7.6 µm band and the intensity of this band is more consistent with the more recent data in the 11.3 µm region, that could compensate for the high bias in the 11.3 µm band intensity in HITRAN2000, as shown in Fig. 3 of (Rothman et al., 2005) , and could explain the results. The ACE-FTS data are from the sunset measurements, while the MIPAS data include both daytime and nighttime measurements. The consistency between the MIPAS and ACE-FTS data is very good. The mean differences are less than ±0.1 to 0.7 ppbv and rms deviations of ∼0.4 to 1 ppbv, with the small values corresponding to the lower and higher altitudes around 10 and 35 km. The relative differences are 5 to 10% below 30 km, and 10 to 15% at higher altitudes around 35 km. We have also compared the ACE-FTS sunset data with the daytime and nighttime MIPAS measurements separately, and no significant differences are found. VMR. The total number of profiles is specified. Also shown in the middle panels are the standard deviations (black) of the mean differences and the 1-σ uncertainty (green). The relative differences are calculated with respect to the ACE profiles without the MIPAS averaging kernel applied.
Comparison with Odin/SMR observations

Comparison with ILAS-II observations
Comparison with ACE-FTS observations
titude shift between the ESA and IMK-IAA retrievals. That obviously does not only depend on pressure and altitude representations, but reflects a small systematic effect. Most of the comparisons show that the IMK-IAA MI-PAS HNO3 product is in great shape. In particular, the altitude range where reliable information is retrieved seems to be larger in comparison to the ESA HNO3 product described by Mencaraglia et al. (2006) . The comparison between individual profiles of the IMK-IAA retrieved MIPAS and MIPAS-B HNO 3 shows good agreement, but their degree of consistency is largely affected by their temporal and spatial coincidence (Figs. 2 to 4 ). In the case of a collocation better than 20 min in time and 100 km in horizontal distance (northern sequence in September 2002), the two data sets showed an excellent agreement, with differences below 0.5 ppbv throughout the entire altitude range up to about 38 km, and below 0.2 ppbv above 30 km. For the 2003 March measurements differences of 1 to 2 ppbv between 22 and 26 km were observed. One of the MIPAS-B profiles covered a wide range of longitudes larger than 10 • at high latitudes near the vortex boundary where HNO 3 is sensitive to both latitudinal and longitudinal differences in this region. Thus, the high differences are thought to be related to horizontal inhomogeneity. In contrast, HNO 3 profiles measured in July 2003 are in good agreement although the mismatch of both sensors was quite large. This reflects the smaller horizontal variations of HNO 3 in polar summer. Similar features are also observed for comparisons between individual profiles of the MkIV and MIPAS/ENVISAT (Figs. 5 to 7) . In spite of the same level of spatial mismatch, the April 2003 measurements showed reasonable agreements due to more homogeneous airmasses, but substantial differences were observed for the December 2002 measurements taken near the vortex edge revealing large horizontal inhomogeneity, in particular for those profiles which are completely inside and outside vortex. In the primary HNO 3 VMR maximum around 23 km and above, deviations were around 0.5 ppbv. The highest deviations in HNO 3 VMR were found below 17 km, with the MkIV being 1.5 ppbv lower than the MIPAS data.
Statistical comparison results of MIPAS IMK-IAA HNO 3 VMR with respect to those of the Odin/SMR, ILAS-II, ACE-FTS measurements, as well as the MIPAS ESA product (Figs. 8 to 14) show generally good agreement. The IMK-IAA MIPAS and Odin/SMR V2.0 HNO 3 VMR profiles taken during September 2002 showed reasonable agreement ( Fig. 8 ) with largest differences of −2 and +1 ppbv only seen around 20 km and 35 km at high latitudes of 60 • . The differences are due to an altitude displacement within the Odin data. Note that an improved Odin/SMR HNO 3 product is underway at the time of writing this article. Much better agreements are observed for the mean HNO 3 VMR profiles of the IMK-IAA MIPAS, with respect to ILAS-II and ACE-FTS measurements (Figs. 11, 12, and 13) . The mean differences of the MIPAS IMK-IAA data with respect to the ILAS-II and ACE-FTS data are less than ±0.7 ppbv. The MIPAS IMK-IAA and ESA HNO 3 generally show good consistency above 30 hPa (Fig. 14) . The global means of IMK-IAA retrievals show a high bias of 0.1 ppbv between 30 and 2 hPa, and a low bias of less than 0.3 ppbv at lower altitudes. Large negative bias is observed at 1 hPa around 30 • S and 60 • S.
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